Introduction
enter the aggregate-bitumen interface by diffusion through bitumen films, seepage into the 12 film through micro voids or cracks, and through direct access in partially coated aggregates 13 (Stuart, 1990) . It is noticeable that the existence of moisture may only weaken the asphalt 14 mixture by emulsifying or softening the bitumen film but without removing it from aggregate 15 surfaces. Also, when the moisture is removed from the asphalt mixture, the stiffness loss is 16 reversible. However, when the pavement is loaded during the weakened condition, the 17 moisture damage is accelerated and may become irreversible (Santucci, 2002) . Although not 18 all damage is caused directly by moisture, its presence increases the extent and severity of 19 already existing distresses like cracking, potholes and rutting . well as the bitumen film or mastic and reaches the aggregate-bitumen interface so as to 24 change the internal structure and finally results in the degradation of mechanical properties of 25 the material. In addition, the moisture may also invade the asphalt mixture system by seeping 1 through the already existing cracks in the mixture or by diffusing outward from the aggregate 2 pores. Once moisture has come into contact and interacted with the asphalt mixture, the 3 moisture damage could be developed in the following mechanisms: detachment, 4 displacement, spontaneous emulsification, pore pressure, and hydraulic scour (Grenfell et al., 5 2014). It should be mentioned that the moisture damage is not limited to only one mechanism 6 but is the result of a combination of several mechanisms. The resistance of asphalt mixtures to moisture attack has been related to aggregate 9 mineralogy, surface texture of aggregate, bitumen chemistry and the compatibility between However, it has been suggested that in a susceptible mixture, the effect of aggregate is more 12 influential than the effect of mastic (Apeagyei, Grenfell & Airey, 2015 The DSR was adopted to characterise the visco-elastic behaviour of bitumen in the needs to be done so as to define the linear visco-elastic region (LVE) at each temperature.
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Based on the strain sweep tests, the strain levels were defined before the frequency sweep 11 tests. The motivation for developing the pull-off test is the lack robust yet simple and reliable test 17 with the capability to precisely control loading rate. Currently, the most common pull-off test
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(PATTI) is limited in the sense that the stress rate cannot be controlled. To prepare the aggregate-bitumen adhesion specimen, the cylindrical aggregate substrates 2 need to be prepared first. Samples of boulder sized aggregates were drilled using an 3 electrically operated water-cooled core drill to get aggregate cylinders with 25 mm diameter.
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A trimming saw was then used to cut the aggregate cylinders into discs with 5 mm thickness.
5
The top and bottom surfaces of the discs were polished using a rotary polishing machine, to 6 remove all blemishes left by the sawing process and get parallel surfaces to ensure complete 7 adhesion between aggregate and bitumen. All discs were cleaned in an ultrasonic cleaning To evaluate the deterioration of the aggregate-bitumen interface after moisture damage, the 22 prepared aggregate-bitumen adhesion specimens were immersed in distilled water to simulate The aggregate-bitumen interfacial bond strength in the dry condition and after periods of 8 moisture conditioning (24 hours and 168 hours) were determined by using a pull-off tensile 9 test with detailed procedures shown in Figure 3 . Before the pull-off test, the specimen was 10 first fixed by two direct tension fixtures with three screws on each. These two fixtures 11 combined with the aggregate-bitumen specimen were then mounted on the UTM. An 12 extension speed of 10 mm/min and a temperature of 20°C were applied to break the interface.
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However, depending on the equipment limitations, any available loading rate can be used. Tensile strength TS (kPa) was computed as the ratio of the peak load divided by the cross-
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sectional area of the bitumen film as follows:
where is the peak tensile force (N) and is the radius of the aggregate substrate (0.0125m). with the mineralogical composition shown in Table 3 . As shown in Figure 4 , the mineral 6 distribution of G1 and G2 is much more complex than that of L1. Water absorption data were obtained from these three aggregates used for substrates in this research. In order to know how much water was diffused into the aggregate during the 19 immersion time, a water absorption test was performed and the results are shown in Figure 5 .
20
As shown in this figure, more than 80% of the moisture was absorbed during the first 24 21 hours of conditioning. After that, the water uptake of L1 and G2 experienced a slow growth 22 and finally reached slightly over 0.5% although the water absorption of L1 and G2 still seems conditioning makes the bitumen harder so that it has no chance to release during the loading 11 process. Due to the lower moisture absorption of G1 aggregate as shown in Figure 5 , it is 12 difficult for moisture to reach the aggregate-bitumen interface in such a short period of time 13 so that the sharp drop of the tensile load does not appear in the B1-G1 combination. After 168 14 hours of conditioning, the peak load for B1-G2 decreased from about 900 N to less than 100
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N demonstrating its poor resistance to moisture attack. In contrast, B1-L1 and B1-G1 16 experienced much less decrease of peak loads meaning better moisture resistance. Retained strength, the ratio of bond strength after a given level of moisture conditioning to show good moisture resistance with over 70% tensile strength retained after 168 hours 25 conditioning. However, samples prepared with G2 are more sensitive to moisture attack as 1 the tensile strength decreased by over 80% and 40% for B1 and B2 bitumen, respectively.
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The aggregates L1 and G2 have similar moisture absorption, meaning similar time will be 3 taken to transport moisture to aggregate-bitumen interface, but they show a significant 4 difference in retained strength. This is because the bonds formed between bitumen and G2 5 are quickly degraded once in contact with moisture due to the large amount of albite and 6 quartz. However, calcite, being the dominant mineral in L1, can form water insoluble bonds 7 with bitumen that retain better moisture resistance. In terms of G1, due to its lower water 8 absorption, it will take a much longer time for water to reach the aggregate-bitumen interface.
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On this basis, there is limited chance for water to attack the bonds even though G1 contains 10 several moisture sensitive minerals. The difference in retained strengths between G1 and G2
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could be attributed to higher moisture absorption of the latter. This later result combined with 12 the L1 results previously discussed leads one to conclude that for susceptible aggregates, the 13 amount of moisture absorption is a significant factor. In summary, the moisture-induced 14 damage of the aggregate-bitumen bond is not only controlled by the mineralogical 15 composition, but also the moisture absorption of aggregate should be considered.
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In terms of the same aggregate, specimens prepared with B2 bitumen show higher retained 18 strengths in comparison with B1. This is in contrast to previous studies indicating stiffer 19 binders have better resistance. Therefore, more tests need to be done so as to confirm this. be seen that all specimens show cohesive failure in the dry condition. After moisture 2 conditioning, the failure tends to transform from cohesive to adhesive-cohesive mix and even 3 adhesive failure. It can be seen that specimens prepared with L1 aggregate retained the most 4 cohesive failure, followed by G1, while specimens with G2 showed the least cohesive failure. comparison of different specimens to identify the best aggregate-bitumen combination.
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Secondly, the results could be used to correlate with other parameters such as water The relationship between retained tensile strength and cohesive failure percentage of all 16 specimens is shown in Figure 12 . It can be seen that all results are located near the equality 17 line with a higher percentage of cohesive surface achieving higher retained tensile strength.
18
The results suggested that the deterioration of tensile strength is due to the transformation The following conclusions were reached based on the results presented in this study: 
